I.
Introduction.-The United S t a t e s NASA DSN i s a world-wide ground s t a t i o n s p a c e c r a f t t r a c k i n g network. This network i s t h e t r a c k i n g and communication l i n k with the s p a c e c r a f t t o study t h e o t h e r p l a n e t s i n t h i s s o l a r system. Some of t h e s e missions have been Voyager, Viking, Mariner s e r i e s , Pioneer s e r i e s , and Helios. The DSN c o n s i s t s of t h r e e complexes, each with t h r e e t o four antennas. The complexes a r e located i n Spain, A u s t r a l i a , and t h e United S t a t e s .
The DSN uses frequency and time a s the b a s i c measuring elements f o r navigat i o n of s p a c e c r a f t and f o r t h e performance of VLBI, r a d i o s c i e n c e , and space experiments. The p r e c i s i o n needed t o perform measurements imposes s t r i n g e n t timing requirements on t h e Frequency and Timing Subsystem (FTS) of t h e DSN. The present and f u t u r e needs and c a p a b i l i t i e s of t h e FTS a r e described i n t h i s a r t i c l e , a s well a s performance data on t h e system components being i n s t a l l e d . A system block diagram i s presented ( f i g u r e 1 ) t o show t h e o v e r a l l function of t h e FTS.
11.
Background and History of t h e DSN Frequency Standards. -The DSN has used atomic o s c i l l a t o r s a s frequency r e f e r e n c e s and clocks since the e a r l y 1960's. I n 1961 cesium beam standards were used i n a Venus radar experiment; i n 1964 rubidium vapor s t a n d a r d s , developed under c o n t r a c t t o JPL, were i n o p e r a t i o n a l use; t h e f i r s t experimental hydrogen masers were used i n t h e DSN i n 1968; by 1975 t h e f i r s t hydrogen maser was o p e r a t i o n a l i n t h e DSN; by 1983 each s t a t i o n w i l l operate with This evolutionary growth was a r e s u l t of t h e needs of t h e various missions and t h e i n c r e a s i n g s o p h i s t i c a t i o n of t h e navigation and the experiments a s t h e s p a c e c r a f t f l i g h t s moved from t h e moon t o Venus, Mars, and t h e o u t e r p l a n e t s .
111. Needs and C a p a b i l i t i e s o f t h e DSN (1981-19861. -Performance requirements of t h e DSN FTS a r e shown i n Tables I and 11 . These a r e t h e most s t r i n e e n t reauirements -from a l l missions i n t h i s time period. I n a d d i t i o n , t h e FTS must meet other requirements, a s follows: 1 ) Generation and d i s t r i b u t i o n of t h e r e f e r e n c e frequencies needed i n a s t a t i o n .
2) Generation and d i s t r i b u t i o n of t h e various time codes and timing p u l s e s needed i n a s t a t i o n .
3 ) Synchronization of t h e t h r e e complexes w i t h i n the DSN t o 50 microseconds with knowledge of time w i t h i n 10 microseconds and between t h e master clock bank a t Goldstone and the National Bureau of Standards (NBS) t o 50 microseconds with knowledge of time t o w i t h i n 5 microseconds.
4 ) Syntonization of t h e t h r e e complexes t o 3 x 10-13. 5 ) Monitor and c o n t r o l of t h e FTS through each s t a t i o n ' s master c o n t r o l computer to ensure proper operation and t o change configuration a s necessary. 6 ) Operational requirements on r e l i a b i l i t y , a v a i l a b i l i t y , m a i n t a i n a b i l i t y , t r a i n i n g , and sparing. Figure 1 shows a block diagram of t h e FTS designed t o meet t h e above requirements.
Frequency Standards.- Figure 2 shows t h e Allan variance performance requirements f o r s t a b i l i t y , as well a s t h e performance of t y p i c a l hydrogen masers a s measured over the l a s t t h r e e years. I n order t o achieve t h i s performance, t h e hydrogen masers must be housed i n an i s o l a t e d , temperature-controlled room with 0.05OC vari a t i o n i n temperature. The measured performance upturn a t 103 seconds, a s shown i n f i g u r e 2, i s believed t o be caused p a r t l y by aging and p a r t l y by environmental e f f e c t s . The new masers being b u i l t f o r t h e DSN have design improvements t o reduce t h e aging e f f e c t s . They w i l l be t e s t e d i n t h e I n t e r i m Frequency Standard Test F a c i l i t y (IFsTF) a t JPL t o determine i f t h e design goal of 2-3 times improvement over t h e present 1 x 10-14/day t y p i c a l aging r a t e has been obtained. A s e t of two hydrogen masers (one prime, t h e o t h e r a backup) and two backup cesium beam standa r d s w i l l be used a t each complex t o achieve t h e required r e l i a b i l i t y and allow continuous monitoring of frequency s t a b i l i t y . The requirements on t h e secondary standards a r e not as s t r i n g e n t a s they a r e on the prime standard. Figure 3 shows t h e requirement with t y p i c a l performance of the cesium beam standards. These standa r d s r e a d i l y meet the requirement.
Reference Frequency D i s t r i b u t i o n . -The e x i s t i n g frequency s y n t h e s i s and d i s t r i b ut i o n equipment w i l l be expanded from 155 t o 210 output p o r t s t o support a d d i t i o n a l u s e r s . Seven 100-MHz r e f e r e n c e frequency output p o r t s w i l l be added t o improve t h e s t a b i l i t y of the r e c e i v e r and t r a n s m i t t e r .
An a c t i v e cable compensator w i l l be used t o d i s t r i b u t e r e f e r e n c e frequencies to t h e antenna area f o r VLBI measurements, with equipment propagation delay known Sampling Time MHz B e t t e r than -90 dB B e t t e r than -84 dB Table I1 TIMING REQUIREMENTS
1981-1986
Timing P u l s e s Rate 1, 10, 100, 1000 PPS ~i t t e r ( l ) 10 ns RMS ( l u ) Risetime 15 ns S e t t a b i l i t y 100 ns s t e p s Time and Timing D i s t r i b u t i o n . -The e x i s i n g d i g i t a l clock w i l l be replaced with a master clock with majority v o t i n g of a l l time codes and timing pulses generated by t h e three time code generators to meet t h e performance requirements of Table I1 and provide high r e l i a b i l i t y .
A modified I R I D G (~) time code w i l l be supplied t o each s e r i a l -t o -p a r a l l e l time code t r a n s l a t o r which i n t e r n a l l y generates a time code from an e x t e r n a l 5-MHz r e f e r e n c e . This time code i s synchronized t o t h e incoming modified IRIG-G time code. The required output time codes and pulse t r a i n s a r e generated synchronously with the IRIG-G code t o give day of year i n milliseconds. The propagation delay t o each of t h e 128 t r a n s l a t o r s a t each s i t e can be adjusted to w i t h i n 100 nanoseconds of epoch a t d i s t a n c e s up t o 1000 meters from t h e master clock. This d i s t a n c e i s s u f f i c i e n t to reach each of t h e co-located antennas a t a l l t h r e e complexes.
Each complex r e q u i r e s simulation time ( a time o f f s e t up t o one year from UTC, Universal Time, Coordinated) f o r t r a i n i n g and d i a g n o s t i c purposes. This w i l l be provided by addressing the a p p r o p r i a t e s e t of t r a n s l a t o r s t o read simulation time while the balance of t h e complex w i l l remain on r e a l time (UTC) f o r m u l t i p l e mission c a p a b i l i t y .
Time Synchronization.-A bank of seven cesium beam frequency standards is maintained a t the Goldstone complex f o r both time synchronization and frequency syntonizat i o n . A cesium beam t r a v e l i n g clock i s transported from Goldstone t o the United S t a t e s NBS f o r t h e time synchronization a t 60-day i n t e r v a l s . Time synchronization between t h e t h r e e g l o b a l complexes is performed by t r a v e l i n g cesium beam c l o c k s from t h e United S t a t e s Naval Observatory (USNO) and by VLBI, with d a i l y checks performed using Loran-C i n Spain and t h e "TV Mutual ~o o k " (~) i n A u s t r a l i a with t h e
Division of National Mapping. The accuracy of t h e s e techniques f o r time synchroniz a t i o n i s more than adequate t o meet t h e DSN requirements.
Frequency Syntonization.-The present method of frequency s y n t o n i z a t i o n uses VLBI time synchronization a t weekly i n t e r v a l s . The r e s o l u t i o n of t h e s e measurements is 30 t o 40 nanoseconds so t h a t the s y n t o n i z a t i o n i s r e a d i l y achieved a t t h e 1 x 10-l3 l e v e l . I n t h e near f u t u r e t h e DSN plans t o use time synchronization r e c e i o e r s a t t h e t h r e e complexes and a t NBS t h a t u t i l i z e t h e Global P o s i t i o n i n g S a t e l l i t e s . Preliminary t e s t s conducted by NBS f o r t h e DSN i n d i c a t e t h a t 10-t o 100-nanosecond time synchronization i s achievable, allowing both time synchronization and f r equency s y n t o n i z a t i o n requirements t o be met more a c c u r a t e l y , economically, and r e l i a b l y than by the use of VLBI.
I V .
Needs and C a p a b i l i t i e s of the DSN (1986-1990) Frequency Standards.-Further missions to t h e o u t e r p l a n e t s a r e planned which w i l l r e q u i r e b e t t e r navigation and measurement c a p a b i l i t y i n the DSN. Experiments on g r a v i t y waves and r e l a t i v i t y a r e (1) IRIG-G d e f i n i t i o n : t h e format f o r s e r i a l time code t o t h e n e a r e s t 10 m i l l iseconds defined by t h e I n t e r r a n g e Instrumentation Group now renamed a s t h e Range Commanders Council .
(2) This method i s used t o determine t h e time d i f f e r e n c e of two clocks by s i multaneously measuring t h e time of a r r i v a l of t e l e v i s i o n v e r t i c a l synchronizat i o n pulses a t each clock and c o r r e c t i n g the received d a t a f o r propagation delays from the source t o each u s e r . a l s o planned. Based on these p l a n s , the mission r e uirements on t h e frequency standards i n t h e DSN f o r an Allan variance of 3 x 10-I? from 100 seconds t o 30 days with a goal of 1 x 10-l7 from 100 seconds to 25,000 seconds. Figure 4 shows t h e t y p i c a l performance of today's a c t i v e hydrogen masers t e s t e d a t t h e JPL IFSTF and the required f u t u r e frequency s t a b i l i t y performance. I t i s evident t h a t frequency standards w i l l be required t h a t a r e not a v a i l a b l e today. JPL i s developing equipment and supporting work i n s e v e r a l a r e a s t o meet these requirements. Cryogenic a c t i v e hydrogen masers may meet t h i s requirement i n t h e short-term s t a b i l i t y region (e.g., t o 10,000 seconds) and p o s s i b l y a t longer averaging times on t h e o r d e r of days. F e a s i b i l i t y of t h i s approach has not been demonstrated and o t h e r methods may be necessary to s a t i s f y the requirements. Superconducting c a v i t i e s may be necessary t o achieve t h e short-term performance goal. Continuous hydrogen maser c a v i t y tuning to t h e hydrogen l i n e frequency may reduce t h e long-term d r i f t . Trapped ion frequency standards may s a t i s f y t h e requirement f o r long averaging times. A combinat i o n of s e v e r a l of t h e above types which a r e phase locked together, making an ensemble, may be necessary. A l l t h e above a r e being a c t i v e l y pursued a t JPL or elsewhere under JPL support.
Time Synchronization.-The 1986-1990 time synchronization requirement i s t h a t t h e t h r e e complex clocks be l e s s than 10 nanoseconds a p a r t i n r e a l time. Two b a s i c problems e x i s t with meeting t h i s requirement; f i r s t i s the aging of hydrogen masers, second is t h e l a c k of s u i t a b l e equipment f o r time t r a n s f e r between i n t e rc o n t i n e n t a l s i t e s .
Assuming t h a t t h e aging r a t e and d i r e c t i o n a t a l l t h r e e s i t e s a r e not the same, t h e clocks would r e q u i r e synchronization every s e v e r a l days. Atomic frequency standard long-term frequency s t a b i l i t y and aging must be improved t o meet t h i s requirement.
The GPS r e c e i v e r mentioned above may be capable of s a t i s f y i n g t h i s requirement based upon preliminary data. Another p o s s i b i l i t y is t h e use of t h e NASA Space S h u t t l e with an on-board hydrogen maser housed i n a proper environment. Using twoway ranging s e p a r a t e l y between each complex and t h e Space S h u t t l e may be an i n t e re s t i n g s o l u t i o n t o time synchronization. This concept has been proposed j o i n t l y by Marshall Space F l i g h t Center and Smithsonian I n s t i t u t e Astrophysical Observatory but has yet t o be approved a s an experiment.
Phase Coherence.-A f u r t h e r requirement is f o r phase coherence and timing continui t y when frequency standards a r e switched from the prime u n i t to a backup u n i t . Since no two frequency standards a r e frequency or phase coherent, equipment i s being designed t o c o r r e c t t h e phase of each backup frequency standard t o provide a continuous zero degree r e l a t i v e phase angle between standards a t t h e frequency standard s e l e c t o r switch.
A l l frequency and time d i s t r i b u t i o n systems w i t h i n t h e DSN w i l l a l s o have t o be improved by s e v e r a l orders of magnitude t o support t h e s e f u t u r e requirements t o the u s e r s who a r e c r i t i c a l l y dependent on t h i s performance.
Sunmary.-The p r e s e n t FTS i n t h e DSN i s being upgraded f o r t h e 1981-1986 time frame t o include two hydrogen maser frequency s t a n d a r d s t o meet t h e £re uency s t a b i l i t y 19 requirements of 1 x 10-14, s y n t o n i z a t i o n requirements of 3 x 10-w i t h i n the DSN, and clock synchronization t o w i t h i n 100 nanoseconds. Redundant clocks and prog r a m a b l e time code t r a n s l a t o r s , a s well a s m u l t i p l e frequency d i s t r i b u t i o n equipment a r e p a r t of t h i s system. Work has begun on meeting the more s t r i n g e n t requirements of 3 x 10-l6 f r equency s t a b i l i t y and l e s s than 10-nanosecond time synchronization by 1990, as well a s improved d i s t r i b u t i o n and s e l f monitoring. 
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